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Abstract-A novel microbend fiber-optic acoustic sensor has been studied, both analytically and experimentally. The sensor is simple mechanically, insensitive to acceleration, and achieves shape flexibility by utiliiing fairly long fiber lengths for the sensing element. The acoustic sensitivity and minimum detectable pressure of the sensor were found to be significantly improved over previously reported microbend sensors. Further optimization of the sensor appears possible. Such sensors are based on intensity modulation of core [1] or clad [2] modes produced by a periodic axial Manuscript received March 16, 1982; revised May 12,1982 . The authors are with the Acoustics Division, Navrd Research Laboratory, Washington, DC 20375. deformation of the fiber. In the original sensors of this type a short section (1-3 cm) of a multimode fiber is deformed periodically by a pair of corrugated pieces called a deformer. The mechanical design of these sensors is rather complicated, the alignment of the deformer is criticrd, the sensor bandwidth is limited, and acceleration effects can deteriorate the sensor performance.
In order to avoid these problems, the novel microbend sensor described in this paper was designed and tested. The sensor is simple mechanically, free of acceleration effects, and utilizes much longer fiber lengths as the sensing element, thus providing some shape flexibility. In addition, the sensor has a significantly improved acoustic performance over those previously reported. Below, we report our analytic and experimental study of the acoustic sensitivity and threshold detectability of the sensor. We also discuss the principles involved in the acoustical and optical optimization of such sensors. modes. Such an intensity-modulated microbend fiber-optic sensor is shown schematically in Fig. 1 . Light from a source such as a laser or a light emitting diode is coupled into a multimode fiber and propagates through an acoustically sensitive section of the fiber (sensing element).
Let WOT be the light power incident on the detector, where T is the total optical power transmission 
where q is the quantum efficiency of the detector, h is Planck's constant, v is the light frequency, and AT/Ap is the transduction coefficient of the sensor.
The mean-square shot noise current in the detector is given by [4] (2)
where Af is the detection bandwidth.
The minimum detectable pressure, assuming a shot-noise limit sensor, can be found by equating the signal and noise currents, which gives
The transduction coefficient of the sensor AT/Ap can be written as
E=(%) (z)
Here, AX is the change in the amplitude of the fiber deformation. In (4) AT/AX depends on the sensitivity of the optical fiber to microbending losses, and AX/Ap depends on the acoustical and mechanical design of the sensor.
A. iWicrobend Loss
Since the early days of fiber optics, the optical loss due to microbending has deliberatively been minimized. What is required for sensing is an optical fiber having just the opposite characteristics, leading to a high AT/AX. Besides intrinsic fiber parameters such as numerical aperture, core/cladding thickness, etc.
[5], the periodicity of the fiber deformation is an important parameter in determining AT/AX. In order to understand this dependence, let us consider briefly the mode coupling effect in fibers.
The theory of mode coupling has been studied extensively .+,-'. =(5)%%Y"+2+2'
where m is the modal group label and M is the number of modal groups. For step index fibers, (7) becomes
From (5) and (8) coupled with large A. Therefore, when the microbend transduction is based on the coupling of core to radiated modes, high sensitivity is expected only with periodicities which couple the highest order core modes to radiated modes. These periodicities can be approximately obtained from (5) and (8) (8) versus mode order in a step index multimode fiber.
pressure multipliers. If A is the area of the acoustic coupler against which the acoustic pressure is applied, (4) can be written as follows:
where Cm is the mechanical compliance of the sensor. The term ACm in (1 O) depends on the sensor design. The mechanical compliance of the sensor will later be found from the equivalent acoustic circuit of the sensor. When the compliance of the surrounding fluid is substantially larger than the mechanical compliance of the sensing element Cf, the compliance of the sensor Cm is approximately equal to Cf (11) where d is the diameter of the fiber, E is Young's modulus of the fiber, n is the riumber of the deforrner intervals, and G is a constant which depends on how the fiber is loaded and suspended.
From (l), (1 O), and (11) we see that high sensitivity is obtained with a large deformer periodicity A and small values of E, d, and n. However, Young's modulus E of typical glasses used for optical fibers does not vary much, certainly not by an order of magnitude. Also, very small values of d are prevented due to light coupling and fiber mechanical strength considerations. Finally, even though lowering the number of deformer intervals n increases Cf, it decreases AT/AX by the same amount. Thus, for fixed A the sensor sensitivity is approximately independent of n. In practice, the optimum value of n is determined from mechanical design considerations such as the desired frequency of the sensor mechanical resonance. The sensor resonance is due to the mass-spring relationship of the fiber and the acoustic coupler. ..
III. MICROBEND HYDROPHORE DESIGN USING EXTENDED SENSING ELEMENT
The fiber used in the present microbend hydrophore was a step index, aluminum coated, multimode fiber with a 0.133 numerical aperture, made by Hughes Research Laboratory. The fiber consisted of a 60~m OD core of 95 percent Si02 -4 percent Ge02-1 percent PZ05, a 125~m OD cladding of 95 percent Si02 -5 percent Bz 03, and a 165 pm OD aluminum coating [14] .
The microbending sensitivity, AT/AX of this fiber was first studied experimentally as a function of applied force F and mechanical periodicity A. A 5 cm fiber section was sandwiched between two circular plates with parallel corrugations and force was applied to one of these plates. The periodicity was varied by rotating the fiber against the plates and using plates with different periodicities. Fig. 3 shows AT/AF versus periodicity for this fiber at a force of liV. Using (10) and (12) the microbending sensitivity AT/AX was then obtained from AT/AF in terms of the mechanical compliance of the fiber Cf, which for a bar loaded at the center and clamped at its ends, is given by the following expression [15] : Fig. 4 shows AT/AX versus A for a force of lN. As can be seen from this figure, the microbending sensitivity exhibits a very strong peak at '1.5 mm.. This is in agreement with the prediction of AC = 1.45 mm of (9) with a = 30~m and A = 0.0042 (NA = 0.133, no = 1.458). This periodicity couples the highest order modes to radiated modes. The microbending sensitivity decreases very rapidly as the periodicity increases (Fig. 4) , since long periodicities couple low-order modes only (9), resulting in smaller losses in transmission through the fiber. However, the sensitivity of the sensor is proportional to AT/AF (Fig. 3 ) which, in turn, is proportional to AT/AX weighted by A3 (12). The net result is to increase the sensitivity at long periodicities. In practice, these long periodicities are preferred since toroids (Fig. 5 ) with small precisely determined periodicities are harder to realize. For the actual sensor construction, a 5.5 mm periodicit y was chosen. Such a periodicit y can couple only relatively low-order neighboring modes, which were monitored in these experiments to obtain maximum sensitivityy. Fig. 5 shows schematically the design of our spatially extended hydrophore. A 6.24 m length of fiber is wrapped around a 3.6 cm OD aluminum tube in a machined thread (Fig. 5, insert) .
The fiber is exposed to the sound pressure periodically in axial slots that cut below the root of the thread.
A rubber boot encloses the tube and the fiber, so that the fiber within the thread regions and outside the slots is not in contact with the boot and thus is unexposed to the sound field. The rubber boot, which is in contact with the fiber within the axial slots, is the acoustic coupler through which the applied pressure deflects the fiber sinusoidally. In Fig. 6 , upper part, the fiber is shown as a circumferential wrap periodically supported.
The sound pressure p is applied only over half of the circumference and deflects the fiber inwards. The portion of the fiber that is isolated from the sound field is deflected in the opposite direction by a force moment at the fiber supports, i.e., the edges of the axial slots. For operation at depth, the static pressure response must be eliminated.
This can be achieved by means of a capillary hole which connects the air surrounding the fiber to the air inside the aluminum tube, where the equivalent of an accumulator is installed. For operation at extreme depths, liquid must be substituted for air and a small port should be utilized as a low-pass filter to equalize the hydrostatic pressure inside and outside the aluminum tube.
In order to predict the sensitivity [ (1) and (4)] and the minimum detectable pressure (3) of the sensor, the sensor mechanicrd compliance Cn must be found in terms of the mechanical compliance of the fiber. This can be done from the equivalent circuit of the sensor for one microbend interval, which is shown in the lower part of Fig. 6 . In this figure p is the applied acoustic masses (mechanical masses/A'2 ) of the exposed and unexposed portions of the fiber, respectively, and mv is the effective acoustic mass of the rubber tube plus a radiation reactance mass. For the sensor reported here, the compliance of the rubber tube CA is much larger than that of the bent fiber and, therefore, can be ignored. Assuming that the fiber deflection in the exposed and unexposed section are equal, we get CAZ = C~l. From Fig. 6 , lower part, we can see that the effective acoustic compliance C~of the sensor per periodic interval can be expressed as follows:
Treating the fiber as a freely supported bar, it can be shown
[16] that, for uniform loading, the mechanical compliance over one interval is given by
The totrd acoustic compliance of the sensor with n periodic intervals is .. . ..-
The total area A is A'n. Thus, the product ACn in (10) is independent of the number of periodic intervals ACm =A'C~ZA'C;.
The resonance of the hydrophore U. is determined from the following equation:
where mA = mA~+ mA~+ mr, as can be seen from Fig. 6 . The frequency response of the sensor is expected to be flat from a low frequency to about one octave below the sensor resonant frequency fo(=uo/2rf). Hz. The solid line shows the standard noise reference for sea state zero. As can be seen from this figure, for frequencies higher than 500 Hz, the minimum detectable pressure of 70 dB re 1 KPa is only about 25 dB higher than the sea state zero, a significant improvement over that of the previously reported microbend sensor [18] .
IV. HYDROPHORE MEASUREMENTS AND DISCUSSION
This minimum detectable pressure is about 20 dB higher than that predicted from (3), (1 O), and (18) (with q = 1), which is consistent with the lower than expected sensitivity. 
V. CONCLUSION
A novel microbend fiber-optic acoustic sensor has been studied both analytically and experimentally. The sensor is simple mechanically, acceleration insensitive, and utilizes long fiber lengths as a sensing element providing shape flexibility. The sensor was found to have a broad bandwidth and an acoustic sensitivity and threshold detectability significantly improved over previously reported microbend sensors. The results here also indicate that long fibers can be utilized as the sensing element to achieve increased acoustic performance if the conversion of clad modes back to core modes is prevented.
